Initially, fatigue damage in both (0,+45) and (0,+45,90) laminates occurred as intralaminar cracks around the edge Of the hole.
Then, whenever further damagef developed, intralaminar cracks in the +45-degree plies began to propagate from the edge of the hole.
Finally, in both type laminates, primarily +45-degree i fibers broke (prior to two-piece failure) where intralaminar cracks in the +45 -1, degree plies had occurred.
In the (0,±45) laminates, the 45-degree plies developed intralaminar and transthickness cracks along lines parallel to the [ loading axis and tangent to the hole in the test specimen.
This damage, which i was most pronounced under compression loads, had little effect on either strength or stiffness. In contrast, in the (0,+45,90) laminates, the 4.45-degree plies developed intralaminar cracks transverse to the loading axis.
The transverse damage, which occurred primarily under tension loads, affected the residual i strength but not the stiffness and frequently resulted in catastrophic failure across the notch.
The results of this study suggest that in boron/epoxy laminates the 45-degree p play a key role in the fatigue process of boron/epoxylaminates that Contain them. The fatigue process in the +45-degreeplies starts as intralaminar matrix cracks. Fatigue damage in (0,+45) and (0,±45,90) boron/epoxy laminates was studied with X-ray radiography and scanning electron microscopy. In addition, limited tests for residual strength and stiffness were performed.
Initially ; fatigue damage in both (0,±45) and (0,±45,90) laminates occurred as intralaminar cracks around the edge of the hole. Then, e whenever further damage developed, intralaminar cracks in the +45-de6ree plies began to propagate from the edge of the hole. Finally, in both type laminates, primarily +45-degree fibers broke (prior to two-piece failure)
where intralaminar cracks in the +45-degree plies had occurred. In the -(0,±45) laminates, the 45-degree plies developed intralaminar and transthickness cracks along lines parallel to the loading axis and tangent to the hole in the test specimen. This damage, which was most pronounced under compression loads, had little effect on either strength or stiffness.
In contrast, in the (0,+45,90) laminates, the +45-degree plies developed intralaminar cracks transverse to the loading axis. This transverse damage, which occurred primarily under tension loads, affected the residual strength but not the stiffness and frequently resulted in catastrophic failure across the notch.
The results of this study suggest that in boron/epoxy laminates the 45-degree plies play a key role in the fatigue process of boron/ epoxy laminates that contain them. The fatigue process in the +45-degree plies starts as intralaminar matrix cracks. The specimen configuration is shown in Figure 1 .
Drilled holes in the specimens represented discontinuities that may exist in an actual structure. They also localized fatigue damage for convenient observation. A few unnotched specimens were tested for baseline data. Two types of laminates were considered: one had Z4bers 
Monitoring Fatigue Damage
Fiber breakage, matrix cracking, and axial stiffness were monitored and residual strength was determined. Fiber breakage was detected by taking radiographs periodically during fatigue tests ( specimens were-X-rayed at zero load). Soft X-rays were sent through a beryllium window by a point source operating at 50 kilovolts and 20 milliamperes. The point source was 30 cm from the specimen. High resolution photographic' glass plates were processed and then examined on a metallograph at 'a magnification of about 50 times. At this magnification, the breaks in the tungsten core of the boron fibers could be easily seen. The breaks in the tungsten cores were assumed to coincide with fiber breaks. Figure 2 shows a typical radiograph and magnified breaks.
The matrix damage in unfailed fatigued specimens, was detected by examining a series of cross-sections, about six per specimen, in a scanning electron microscope. Typically, for each laminate different specimens were examined after 10 7 , 5 x 106 , and 1 x 10 6 load cycles.
Prior to sectioning each specimen was X-rayed.
The variations of stiffness were obtained by periodically recording the peak elongation over a 10 cm gage length for both notched and unnotched specimens throughout the tension fatigue tests. For the fatigue tests radiographs were taken of every specimen, micrographs were taken of three specimens for each laminate, stiffness was monitored for all tension fatigue tests, and residual strengths were determined for at least two tension specimens of each laminate.
RESULTS AND DISCUSSIONS
Microscopic fiber and matrix damage is discussed first. Then macroscopic fatigue behavior is discussed in terms of stiffness and residual strength. Finally, the fatigue behavior of both type laminates are compared. In the third quadrant of the specimen, fiber damage was similar to damage in the first quadrant, namely, an equivalent number of fibers broke in the -45-degree plies.
In the second and fourth quadrants, breaks in the +45-degree fibers were predominant. Thus, all thebroken x-45-degree fibers were those that a plane stress analysis showed nad been loadea in maximum tension.
On the basis of all the tests of the (0,+45) laminates, several observations about fiber damage can be made. In similar tests, the number of fibers that broke within a hole diameter of the transverse centerline of the specimen varied from a few percent to over fifty The sketch on Figure 5 shows the extent of the two types of cracks.
The solid irregular lines show the location of transthiektivss cracks and the shaded areas show the region of intralaminar cracks in the +45-degree plies. Both of these cracks run through the matrix in different planes from fiber to fiber. However, typically, the cracks go around the fibers rather than through them. The second micrograph taken at section B-B, near the hole, shows that intralaminar cracks developed in both the 0 and +45-degree plies. However, micrographs of other specimens tested to 5 x 10 6 load cycles showed intralaminar cracks only in the +45-degree plies. Thus, the 0-degree plies probably cracked after the ±45-degree plies did. The micrograph taken at section C-C shows voids where both matrix and fibers are missing.
Evidently, many transthickness and intralaminar cracks had developed in these areas. The sketch on Figure 6 shows that the transthickness cracks extend much further from the notch than in the tension case ( Figure 5 ). On the basis of the previous discussion and the discussions on fiber and matrix damage, the following; sequence of events for fatigue of (0,±45) laminates is postulated: a 1. Intrala:ninar cracks developed around thL'edge of the hole.
q . Transthickness and local intralaminar cracks in the +45-degree plies developed in narrow bands parallel to the loading; axis and tangent to the hole..
3. In these bands the +45-degree fibers that were loaded in maximum tension broke.
4. In the same area, the other 45-degree fibers that were loaded in compression broke. Based on preceding discussions, the following sequence of events for fatigue of (0,±45,90) laminates is postulated:
1. Intralaminar cracks developed around the edge of the hole.
2. Intralaminar cracks in 445-degree plies extended from the edge of the hole along the transverse centerline of the specimen. For both notched and unnotched (0,±45,90) laminates, the modulus decreased about fiftenn percent. Because the modulus decreased the same for both the notched and unnotched laminates, the damage due co the stress concentrations around the hole must have been too localized to affect the modulus. Also, figure 10 shows that the modulus decreased before a million
cycles, but figure 7 shows that most fibers broke after a million cycles.
Apparently, the decrease in modulus is predominatly a function of matrix degradation. Figure 11 shows the net failure stress of virgin laminates as diamonds, the residual strength after 10 7 cycles as squares, and fatigue failures occurring before 10 7 tensile load cycles as triangles labeled with the number of cycles to failure. For reference, a few unnotched ,specimens were also tested; these tests results are .shown by shaded symbols.
As is evident from the figure, the (0,±45) laminates retained strength for the duration of the fatigue test. Evidently, the transthickness and intralaminar matrix cracks and ±45-degree fiber breaks which occurred parallel to the loading axis had little effect on axial strength. In contrast, the (0,+45,90) laminates, where intralaminar matrix cracks and +45-degree fiber breaks occurred along the transverse centerline, lost strength as they were fatigued and frequently failed catastrophically.
As previously discussed, microscopic damage, intralaminar cracks and fiber breaks in both type laminates occurred primarily in the +45-degree s plies. Apparently, the residual strength behavior in the two types of laminates depended upon whether the damage propagated parallel or transverse to the loading axis.
CONCLUDING REMARKS
Two families of laminates, (0,+45) and (0,+45,90) with two different stacking sequences were fatigue tested under constant amplitude tension or compression loads. In these laminates fatigue damage in the fibers and matrix were studied with X-ray radiography and scanning electron microscopy. In addition limited tests for residual strength and stiffness were performed. 
